The bis-oxime of acenaphthenequinone and the mono-oxime of benzil have been sulfonated by reaction with 4-methylbenzenesulfonyl chloride and propylsulfonyl chloride. The four sulfonated oximes were characterised by X-ray single-crystal structure determinations. Some photochemical decompositions were studied using a 6-W 254-nm immersion well lamp in dichloromethane. The 4-methylbenzenesulfonate bis-oxime of acenaphthenequinone and the 4-methylbenzenesulfonate mono-oxime of benzil both give 4-methylbenzenesulfonic acid upon irradiation but not 4-methylbenzenesulfinic acid. Fragmentation pathways are discussed. The possible use of these compounds as photoacid generators in polymer resists and the role of secondary reactions to liberate acid is discussed.
Introduction
Improvements in the performance of semiconductor devices arise because of the decreasing size of the features on a silicon chip. 1 Gordon E Moore, 2 a co-founder of Intel, made the observation in 1965 that circuit densities of semiconductors would continue to double on a regular basis. This has become known as Moore's Law and illustrates the astounding developments made in the field (Figure 1 ). 1 Semiconductor devices or computer chips are fabricated by microlithography ( Figure 2 ). 1 In this technology, a radiation-sensitive polymer is spin coated and dried, forming a thin film of 1-0.1 μm thickness, on a single-crystal silicon wafer forming a resist. This is irradiated through a mask forming a pattern and then the exposed resist films are developed to create images. If the irradiated image is more soluble, it is classed as a positive system, and if it is less soluble, it is classed as a negative system. The remaining resist film serves as a protective layer during etching of the substrate. After etching, the remaining resist film is removed leaving behind a circuit pattern. The process is repeated to fabricate complex semiconductor devices.
The resists contain a light-sensitive compound which upon irradiation and development modifies the solubility properties of the resist polymer ( Figure 3) . 3, 4 The success of the semiconductor industry's recent developments has been due to the use of photoacid generators (PAGs) which liberate a small quantity of acid that catalyses a chemical reaction in a development step. For example, acid-catalysed deprotection of tert-butyl esters, liberating isobutene, leaves polymer-bound carboxylic acids which solubilise the polymer in aqueous base. Compounds 1 and 2 are likely to liberate the acid of a stable counter-anion, [5] [6] [7] whereas compounds 3-5 will liberate a sulfonic acid. 3, 4, [8] [9] [10] [11] Decreasing feature size is commensurate with the use of higher energy radiation ranging from the ultraviolet (UV; 450-190 nm) down to extreme ultraviolet (EUV) at 7 nm. 3, [12] [13] [14] Figure 4 shows a possible mechanism for the photochemical fragmentation of a Crivello or triarylsulfonium salt. 3 The non-nucleophilic counter-ion becomes the anion of a strong acid HX. A ring proton of the Crivello salt 1 is substituted for the phenyl ring and becomes the proton of the strong acid.
The aim of this project is to develop an understanding of how the class of photoacid generators based on sulfonated oximes can function to modify polymer resists. Some compounds that are representative of examples in the literature 4, 8, 10, 11 have been prepared and their photochemical decomposition products studied.
Results and discussion
The condensation of NH 2 OH with acenaphthenequinone gives the known bis-oxime 9 15 and with benzil gives the known mono-oxime 10 16 only and not a bis-oxime of benzil which is sometimes reported ( Figure 5 ). There are a number of erroneous literature reports claiming that the bisoxime of benzil can be formed under these conditions. [17] [18] [19] Both syn and anti isomers of benzil derivative 10 have been claimed as they can be separated and the anti isomers form metal-ion complexes. 16 We found that compounds 9 and 10 were both sulfonated with either 4-methylbenzenesulfonyl chloride or propylsulfonyl chloride to give compounds 11-14 which are potential photoacid generators ( Figure 6 ). They have been characterised by X-ray single-crystal structure determination. The crystal structures show the stereochemistry of these compounds and that of the oximes from which they were made. Only one isomer was formed for each compound 11-14. Compounds 11 and 12 have both the sulfonate groups pointing away from each other which will arise for steric reasons. However, compounds 13 and 14 are syn isomers and are stable. According to the literature, the anti isomer 15 is unstable during synthesis for stereoelectronic reasons. 16 It is made from the photochemically isolated anti oxime. 16 The molecule fragments with the N-OSO 2 R group trans to the C-CO bond. In contrast to this, the stability of the syn isomers 13 and 14 is striking. The mono-oxime of benzil 10 initially forms as an oil but slowly crystallises to a white solid after a few hours and is a single isomer by 1 H and 13 C nuclear magnetic resonance (NMR).
X-ray single-crystal structures
Key geometrical data for 11-14 and known oxime sulfonate crystal structures are compiled in Table 1 . It may be seen that the C=N and N-O distances of the oxime groups in 11-14 and in other known oxime sulfonate crystal structures [20] [21] [22] [23] are all very consistent, as are the C=N-O and N-O-S bond angles. The C=N-O-S torsion angles indicate a preference for near planarity for these atoms, which is assumed to be the most stable conformation for oximes 24 and any small deviations might be ascribed to packing forces in the crystal.
In compound 11 (Figure 7 ), the dihedral angles between the C1-C12 ring system and the pendant C13-C18 and C20-C25 phenyl groups are 81.49 (6)° and 66.93 (6)°, respectively. In the crystal of compound 11, the molecules are linked by weak C H O −  interactions.
Compound 12 crystallises with two molecules in the asymmetric unit (Figure 8 ) with very similar geometries apart from the propyl chains of the sulfonate groups. In the S1 molecule, both of these adopt anti conformations [S1-C13-C14-C15 = −178.27 (13) Figure 6 . Oxime sulfonates 11-14 characterised by single-crystal X-ray structure determinations and a proposed unstable sulfonate 15. 16 (Tol = 4-MeC 6 H 4 -, Pr = propyl-). Table 1 . Comparison of key crystallographic data for oxime sulfonates 11-14. 
Photochemical irradiation
Compounds 11 and 13, representative of many other compounds, 4, 8, 10, 11 were irradiated in CH 2 Cl 2 with a 6-W 254-nm lamp in a 100-mL immersion well for 5 h. This was done without deoxygenation because some polymer resist films are irradiated in air (365 nm i line, 248 nm KrF laser and 193 nm ArF laser by a dry process). Thin-layer chromatography (TLC) analysis of the mixture after evaporation of the solvent showed that the starting material had been consumed. Figure 11 shows some of the possible fragmentation products 16-19. These might form by a light-catalysed fragmentation of the oxime N-O bond followed by a secondary reaction of the sulfonate radical such as hydrogen abstraction from the solvent ( Figure 12 ). Termination of free radicals after irradiation could also occur by recombination which could give peroxide 22. This peroxide 22 would require heating, in a development step, or hydrolysis to release acid 16. In these studies, only evidence for 4-methylbenzenesulfonic acid 16 has been found. 1 
Conclusion
The crystal structures of compounds 11-14 verify their oxime stereochemistry. Photochemical decomposition of the representative compounds 11 and 13 gave 4-methylbenzenesulfonic acid 16 which was observed in the 1 H and 13 C NMR spectra of the crude product in D 2 O. Irradiation of both compounds 11 and 13 gave solutions in water that turned blue litmus paper red. This work provides evidence that the class of acid released from the irradiation of oxime sulfonates is a sulfonic acid, which might catalyse modification of a polymer resist during development. 4, 8, 10, 11 Irradiation of compound 11 did not give the expected 1,8-dicarbonitrile 18 and irradiation of compound 13 did not give benzonitrile 19 in easily detectable amounts. The efficient release of acid and good solubility suggest that compound 13 has potential use as a photoacid generator but acid is not liberated directly and requires a secondary hydrogen abstraction step or hydrolysis step.
Experimental
General: IR spectra were recorded on a diamond anvil spectrophotometer. UV spectra were recorded using a Perkin-Elmer Lambda 25 UV-Vis spectrometer with ethyl alcohol (EtOH) as the solvent. 1 H and 13 C NMR spectra were recorded at 600 and 150 MHz, respectively, using a Varian 400 spectrometer. Chemical shifts, δ, are given in ppm relative to the residual solvent and coupling constants, and J values are given in Hz. Low-and high-resolution mass spectra were obtained at the University of Wales, Swansea using electron impact ionisation and chemical ionisation. Melting point (m.p.) values were determined on a Kofler hot-stage microscope. Irradiations were done in a 100-mL immersion well with a Photochemical Reactors 6-W lamp (Reading, UK) and air cooling from a fume hood fan. No water flow was required with dichloromethane (DCM) as a solvent. Reflective foil was used to shield the lamp. The method is user friendly for students.
General procedure for di-oximes or mono-oximes

Acenaphthylene-1,2-dione di-oxime 9
A literature procedure was followed but the work-up was different. 15 
Benzil-1,2-dione mono-oxime 10
This was made by the same method. 16 
Synthesis of di-oxime and oxime sulfonates
The bis-oxime of acenaphthenequinone 11 (400 mg, 1.9 mmol), 4-methylbenzenesulfonyl chloride (863 mg, 4.5 mmol) and Et 3 N (457 mg, 4.5 mmol) were stirred in CH 2 Cl 2 (100 mL) for 24 h at rt. The clear organic layer was washed with water (100 mL × 2) and dried over MgSO 4 . The solution was concentrated under reduced pressure to a solid and then extracted three times by swirling with light petroleum ether (100 mL) which removed excess 4-methylbenzenesulfonyl chloride. Swirling with a smaller amount of DCM (30 mL) removed brown impurities and gave a product (470 mg, 48%). Proton NMR analysis showed this product to be impure, containing triethylammonium tosylate, so it was dissolved in DCM (300 mL) and extracted with water (100 mL × 3) and concentrated under reduced pressure to give the title compound (0.34 g, 35%) as a pale yellow solid, m.p. > 220 °C (from DCM/light petroleum ether 40-60). λ max (EtOH)/nm 333 (log ε 3.3), 316 (3.3), 245-280sh (3.5) and 229 (4.2); ν max (Diamond) 1596w,  1575w, 1490w, 1390w, 1368w, 1178s, 1093m, 816s, 773s 
The bis-oxime of acenaphthenequinone 11 (1.0 g, 4.7 mmol), propanesulfonyl chloride (1.34 g, 9.4 mmol) and Et 3 N (0.95 g, 9.4 mmol) were stirred in CH 2 Cl 2 (100 mL) for 24 h at rt. The clear organic layer was washed with water (100 mL × 2) and dried over MgSO 4 . The solution was concentrated under reduced pressure to a solid and then extracted by swirling with light petroleum ether (30 mL × 10). Then concentration under reduced pressure gave the title compound (0.62 g, 31%) as a pale yellow solid, m.p. 215 °C-216 °C (from DCM/light petroleum ether 40-60). λ max (EtOH)/nm 331 (log ε 4.0), 316 (4.1) and 229 (4.9); ν max (Diamond) 1687s, 1454w, 1365s, 1227m, 1173s, 948w, 811s, 732s, 683s, 629s, 580s, 539s and 497s; δ H (600 MHz; CDCl 3 
(E)-1,2-Diphenyl-2-[(tosyloxy)imino]ethan-1-one 13
The mono-oxime of benzil 12 (2.0 g, 8.9 mmol), 15 4-methylbenzenesulfonyl chloride (3.4 g, 17.8 mmol) and Et 3 N (2.1 g, 21.0 mmol) were stirred in CH 2 Cl 2 (100 mL) for 24 h at rt. 16 The clear organic layer was washed with water (100 mL × 2) and dried over MgSO 4 . The solution was concentrated under reduced pressure to an oil which was swirled with light petroleum ether (30 mL × 3) and left to crystallise. The solid was then extracted by swirling with light petroleum ether (30 mL × 7) and concentrated under reduced pressure. The solid was then dissolved in DCM (100 mL) and filtered through a pad of silica to give the title compound (1. 
Photochemical irradiations
In total, 200 mg of compounds 11 or 13 were irradiated with a 6-W lamp for 5 h in 100 mL of CH 
Crystal structure determinations
Single crystals of 11-14 were recrystallised from DCM/ light petroleum ether solution. Intensity data for 11-14 were collected at T = 100 K using a Rigaku AFC11 charge-coupled device (CCD) diffractometer (Mo Kα radiation, λ = 0.71073 Å for 11 and 13 and Cu Kα radiation, λ = 1.54184 Å for 12 and 14). Each structure was easily solved by direct methods and the structural models were completed and optimised by least-squares refinement against |F|2 using SHELXL-2014. 25 The crystal quality for 14 was notably poorer than for the other structures. For all structures, the H atoms were geometrically placed (C-H = 0.95-0.98 Å) and refined as riding atoms. The methyl groups were allowed to rotate, but not to tip, to best fit the electron density. The constraint U iso (H) = 1.2U eq (C) or 1.5U eq (methyl C) was applied in all cases. 
